A brief review is given of electronic and transport properties of carbon nanotubes mainly from a theoretical point of view. The topics include an effective-mass description of electronic states, the absence of backward scattering except for scatterers with a potential range smaller than the lattice constant, a conductance quantization in the presence of lattice vacancies, and effects of phonon scattering.
INTRODUCTION
Graphite needles called carbon nanotubes (CN's) were discovered recently [1, 2] and have been a subject of an extensive study. A CN is a few concentric tubes of two-dimensional (2D) graphite consisting of carbon-atom hexagons arranged in a helical fashion about the axis. The diameter of CN's is usually between 20 and 300Å and their length can exceed 1 µm. Single-wall nanotubes are produced in a form of ropes [3, 4] . The purpose of this paper is to give a brief review of recent theoretical study on transport properties of carbon nanotubes.
Carbon nanotubes can be either a metal or semiconductor, depending on their diameters and helical arrangement. The condition whether a CN is metallic or semiconducting can be obtained based on the band structure of a 2D graphite sheet and periodic boundary conditions along the circumference direction. This result was first predicted by means of a tight-binding model.
These properties can be well reproduced in a k·p method or an effectivemass approximation [5] . In fact, the method has been used successfully in the study of wide varieties of electronic properties of CN. Some of such examples are magnetic properties [6] including the Aharonov-Bohm effect on the band gap, optical absorption spectra [7, 8] , exciton effects [9] , lattice instabilities in the absence [10] and presence of a magnetic field [11] , magnetic properties of ensembles of nanotubes [12] , and effects of spin-orbit interaction [13] .
Transport properties of CN's are interesting because of their unique topological structure. There have been some reports on experimental study of transport in CN bundles [14] and ropes [15, 16] . Transport measurements became possible for a single multi-wall nanotube [17] [18] [19] [20] [21] [22] and a single single-wall nanotube [23] [24] [25] [26] [27] . In this paper we shall mainly discuss transport properties obtained theoretically. Figure 1 shows the lattice structure and the first Brillouin zone of a 2D graphite together with the coordinate systems. The unit cell contains two carbon atoms denoted as A and B. A nanotube is specified by a chiral vector L = n a a+n b b (n a ,n b ) with integer n a and n b and basis vectors a and b (|a| = |b| = a = 2.46Å). In the coordinate system fixed onto a graphite sheet, we have a = (a, 0) and
ENERGY BANDS
. For convenience we introduce another coordinate system where the x direction is along the circumference L and the y direction is along the axis of CN. The direction of L is denoted by the chiral angle η.
A graphite sheet is a zero-gap semiconductor in the sense that the conduction and valence bands consisting of π states cross at K and K' points of the Brillouin zone, whose wave vectors are given by K = (2π/a)(1/3, 1/ √ 3) and K = (2π/a)(2/3, 0) [28] . Electronic states near a K point of 2D graphite are described by the k·p equation [29, 5] :
where γ is the band parameter,k = (k x ,k y ) is a wave-vector operator, ε is the energy, and σ x , σ y , and σ z are the Pauli spin matrices. Equation (2.1) has the form of Weyl's equation for neutrinos. The electronic states near the Fermi level can be obtained by imposing the periodic boundary condition in the circumference direction Ψ(r+L) =Ψ(r) except for extremely thin CNs. The Bloch functions at a K point change their phase by exp(iK·L) = exp(2πiν/3), where ν is an integer defined by n a +n b =3M +ν with integer M and can take 0 and ±1. Because Ψ(r) is written as a product of the Bloch function and the envelope function, this phase change should be canceled by that of the envelope functions and the boundary conditions for the envelope functions are given by F K (r+L) =F K (r) exp(−2πiν/3). Energy levels in CN for the K point are obtained by putting
, where L = |L|, n is an integer, and the upper (+) and lower (−) signs represent the conduction and valence bands, respectively. Those for the K' point are obtained by replacing ν by −ν. This shows that CN becomes metallic for ν = 0 and semiconducting with gap E g =4πγ/3L for ν = ±1.
ABSENCE OF BACKWARD SCATTERING
In the presence of impurities, electronic states in the vicinity of K and K' points can be mixed with each other. Therefore, we should use a 4×4 Schrödinger equation
The unperturbed Hamiltonian is given by γ(σ x k x + σ y k y ) for the K point and γ(σ x k x −σ y k y ) for the K' point. The effective potential of an impurity is written as [30] 
where ω = exp(2πi/3). If we use a tight-binding model, we obtain the explicit expressions for the potentials as
where u A (R A ) is the local site energy at site R A due to the impurity potential and g(r) is a smoothing function having a range of the order of the lattice constant a and satisfying the normalization condition
The similar expressions can be obtained for u B (r) and u B (r).
In the vicinity of ε = 0, we have two right-going channels K+ and K +, and two left-going channels K− and K −. Figure 2 shows calculated scattering amplitude as a function of d/a for a Gaussian potential located at a B site and having the integrated intensity u in the absence of a magnetic field. The backward scattering probability decreases rapidly with d and becomes exponentially small for d/a 1. The same is true of the intervalley scattering. This absence of the backward scattering for long-range scatterers disappears in the presence of magnetic fields although not shown explicitly.
It has been proved that the Born series for back-scattering vanish identically [30] . This has been ascribed to a spinor-type property of the wave function under a rotation in the wave vector space [31] . The absence of backward scattering has confirmed by numerical calculations in a tight binding model [32] .
Because of the presence of large contact resistance between a nanotube and metallic electrode, the conductance usually exhibits a prominent effect of a single electron tunneling due to charging effects. An important information can be obtained on the effective mean free path and the amount of backward scattering in nanotubes [23] [24] [25] [26] [27] . In fact, the Coulomb oscillation in semiconducting nanotubes is quite irregular and can be explained only if nanotubes are divided into many separate spatial regions in contrast to that in metallic nanotubes [33] . This behavior is consistent with the presence of considerable amount of backward scattering leading to a strong localization of the wave function in semiconducting tubes. In metallic nanotubes, the wave function is extended throughout the whole region of a nanotube because of the absence of backward scattering. 
LATTICE VACANCIES
Effects of scattering by a vacancy in armchair nanotubes have been studied within a tight-binding model [34, 35] . It has been shown that the conductance at ε = 0 in the absence of a magnetic field is quantized into zero, one, or two times of the conductance quantum e 2 /πh for a vacancy consisting of three B carbon atoms around an A atom, of a single A atom, and of a pair of A and B atoms, respectively [35] .
Numerical calculations were performed for about 1.5 × 10 5 vacancies and demonstrated that such quantization is quite general [36] . Figure 3 shows a histogram of the conductance for different values of ∆N AB , where N A and N B are the number of removed atoms at A and B sublattice points, respectively, and ∆N AB = N A −N B . This rule was analytically derived in a k·p scheme later [37] .
PHONON SCATTERING
A conductance quantization was observed in multi-wall nanotubes [38] . This quantization is likely to be related to the absence of backward scattering shown here, but much more works are necessary including effects of magnetic fields and problems related to contacts with metallic electrode before complete understanding of the experimental result. At room temperature, where the experiment was performed, phonon scattering is likely to play an important role [15, 39, 40] .
Acoustic phonons important in the electron scattering are described well by a continuum model [40] . The potential-energy functional for displacement 
where the term u z /R is due to the finite radius R of the nanotube. The parameters B and µ denote the bulk modulus and the shear modulus for a graphite sheet. Figure 4 shows phonon dispersions calculated in the continuum model (a small out-of-plane energy proportional to the curvature has been added although not important in the electron scattering). The electron-phonon interaction is given for the K point by
(u xx −u yy +2iu xy ), (5.2) where g 1 is the deformation potential and g 2 describes the effective potential due to bond-length modification. The diagonal deformation-potential term does not contribute to the backward scattering as in the case of impurities and only the smaller off-diagonal term remains. Figure 5 shows calculated temperature dependence of the resistivity, where ρ A (T ) is the resistivity of an armchair nanotube given by g 
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